The casting of DS and single crystal superalloy components generates a considerable proportion of scrap in alloys which are extremely expensive. Most specifications forbid the extensive re-use of recycled materials on the grounds that they are contaminated in such a manner as to affect the castings which might be made from them. The effect of impurities (principally oxygen and nitrogen) is not well defined but may appear as increased microporosity, rejectable nonmetallic inclusion clusters or an enhanced propensity for the formation of freckles and random grains. The purpose of this work is to analyse the defect formation in recycled alloys and also the necessary refining to eliminate it in the cases of two specific alloys, IN100 and MAR M247. It is concluded that the required refining can be achieved for a 100% recycled charge by the use of the electron-beam cold-hearth refining process.
INTRODUCTION
The problem of recycling superalloys is a complex one. The first point to be considered is that of the origin of the scrap; whether it is in-house casting scrap, machined scrap, or used parts. We do not consider the question of used-part recycling in this work since the problem is more one of preparation (cleaning, identification, cutting, etc.) than that of metallurgical processing. In general, wrought alloy scrap is reasonably easy to absorb into the process circuit, partly because of the composition specifications (which are not so tight as those for cast parts) and partly because of the generally-lower levels of process contamination which are found in the cast/wrought route. Casting alloys, however, present an interesting technical challenge. The alloy specifications are very strict, particularly so in the case of SX alloys; also the contamination levels during the casting process may be quite severe, due to extensive refractory and atmosphere contact. The problem is further compounded by the very high value of the alloys concerned.
The fundamental reasons for the various specification prohibitions and limitations on the re-use of superalloy casting scrap are varied and not well defined. The basis for them is largely pragmatic in that recycled scrap is known to generate a variety of casting defects through microporosity, non-metallic inclusions and failure-to-fill problems in thin sections. The casting processes are not often sufficiently-well monitored as to enable a compilation of particular defect types and as a result the specific levels of refining required to regenerate scrap material are not known, beyond the general desire to reproduce the virgin alloy composition. Recent work has indicated that the electronbeam cold-hearth refining process (EBCHM) shows promise in being able to refine casting alloys back to a level comparable with the starting material, and it is in this context that we have carried out the study described below.
Oxide, nitride and carbide particles in the superalloys are all known to play a role in casting defect formation. During the melt-processing of the alloys, they are all involved to some degree in a solution/reprecipitation mechanism as the alloy is melted and subsequently frozen. Carbides are thought to be entirely dissolved in this sequence (although there is one report /24/ of "undissolved" carbides in an experimental melt of ΓΝ100), giving the cast alloy no "memory" for the carbide compositions and structures in the initial material, unless the melting/freezing sequence has some special non-equilibrium feature such as a very high rate and little superheat. The oxides and nitrides also undergo the same mechanism although to a much more limited extent due to their inherently smaller solubility products within the temperature region covered by superheat practices. The saturation solubility of these compounds at the alloy liquidus is typically quite close to the reported total oxygen or nitrogen contents for most high-quality cast superalloys 111. The result is that we might expect a significant fraction of oxide or nitride to go into solution as the melting takes place and therefore not be available for any physical method of particle removal. These compounds will then be present as part of the primary precipitation process of the cooling and solidifying alloy.
The implications of this process for the purification of alloys by filtration, or for the expected microstructure of RST and powder alloys have been noted for several superalloy systems 111. In the former case, a filter can only be expected to remove particles which are present at the time of filtration and so temperature becomes an important operational variable. In the latter cases also, particle precipitation in the liquid prior to rapid solidification may give rise to agglomerations of inclusions which would be carried into the product. This effect is particularly pronounced in the case of accumulations taking place in the nozzle region of the process. The various refining schemes which have been proposed for recycling superalloy casting scrap are based on the assumption that particles are removed by flotation in the liquid alloy in much the same way as in traditional steelmaking ladle treatments. It is the purpose of this work to examine the basis for this assumption and so to suggest improved methods for the refining process.
Flotation processes have been proposed in cases where the floating particle is less dense than the superalloy, principally in the case of oxides. Slatterly 131 studied the removal of yttrium-containing oxides from an SX alloy using a large EBCHM furnace. A relationship was derived between the removal efficiency and the particle size which indicated that the process was controlled by flotation and could be explained quantitavely by the application of Stake's Law to the system. The particles were found to contain both alumina and silica in substantial amounts and the average particle density was approximately 50% that of the alloy, which would produce a terminal velocity large enough to allow particles as small as 10 microns in diameter to move from the bottom of the EBCHM hearth pool to the surface before leaving the hearth system. Krehl and co-workers /4/ examined the EBCHM re-cycling of alloy Rene 125 (1.55/1.62 wt% Hf), which is of particular interest since hafnium oxide is known to produce casting defects and is considerably more dense than the alloy. Their study concluded that there was a considerable degree of refining with respect to oxide particles, but it did not suggest a mechanism. The alloy was evaluated using the EB button technique and the inclusion raft was found to contain substantial amounts of hafnium, presumably as oxide. The analysis was not sufficiently detailed, however, to indicate the precise form of the hafnium, and as the raft also contained alumina, it is possible that the combined density of the individual particles was less than that of the alloy. The process was operated using either a mechanical or electro-thermal dam on the hearth surface, both of these proving to be effective refining mechanisms, indicating that the oxide removal involves separation of the particles on a free surface. Similar results were obtained for a filtering technique used on alloy U-700B modified with Hf by Mancuso et al. 1191 . In this case also the inclusion content was evaluated by the EB button method, revealing a collection of Hf-containing inclusions, but not defining isolated hafnium oxide particles.
The amount of oxide possibly involved in a solution/re-precipitation mechanism may be estimated from these results based on the inclusion raft areas This difference would correspond to an oxygen removal of approximately 0.1 ppm, which is only 2% of the total typical oxygen content of the alloy, if the raft were composed of a layer of oxide particles of the indicated average size, one particle deep. The NORA analysis applies generally to particles of greater than several microns in dimension, which although the most important in determining the mechanical behaviour of the alloy constitute only a small fraction of the analytical oxygen content. It seems possible from these studies that most of the oxygen content of these very pure alloys is involved in the solution/re-precipitation mechanism during a melting process 151, and only a small fraction of the total oxide present in the cold solid is affected by any process of physical removal during melting and freezing. (It may be noted parenthetically that this factor indicates also the true value of the NORA test, in that alloy properties cannot be related to analytical oxygen content in this level of purity, but that the NORA results refer only to those particles which are large enough to influence alloy mechanical behaviour.)
There has been no reported study concerning the removal of nitride inclusions from these alloys during EBCHM, although the thermochemistry of the appropriate systems is reasonably well understood III. It appears from the practical results of EBCHM refining that superalloys which are recycled through this process can be refined with respect to the removal of at least some of the TiN inclusion content which would have been present as solid at the process temperatures. Since the solubility of TiN is very temperature-dependent in the range of normal EBCHM operating temperatures III, we would expect that the degree of particle removal would be also very dependent on the operating procedure used. In the limit, however, as with the oxide inclusions, we would only remove those nitrides which are present as solid particles leaving a liquid at the casting stage which is saturated with nitrogen at the solubility limit of TiN in the alloy at the process temperature. The precise mechanisms and the rules of solution thermochemistry, temperature and pressure in the process are as yet undefined.
High Temperature Materials and Processes
In this study we concentrate on the problems of recycling two specific cast alloys: IN100 and MAR M-247. IN100 has three pertinent characteristics. First, it is an alloy which cannot be absorbed by dilution into other superalloy systems, for example, into a lowergrade forging alloy, since it contains a significant amount of vanadium, uniquely amongst the common superalloys. Second, it has been quite widely studied in the as-cast state, with the result that the structural variations introduced by impurities can be readily related to known microstructures and other features. Third, and importantly, it is a widely-used cast superalloy in both equiaxial and DS structures, with a high value at the casting-scrap stage of processing. MAR M-247 also has a high value and is used in exacting applications. Its principal characteristic in respect to the present investigation is that it is likely to contain hafnium as a component of the oxide inclusion scheme as the unavoidable result of refractory interaction during melting and casting. The compositions of the alloys used are shown in Table 1 .
ALLOY IN100 AND THE NITROGEN PROBLEM
IN 100 has a high level of Ti which makes it very sensitive to nitrogen pick-up during processing, and this feature has been cited as the main problem of alloy scrap recycling. The alloy is used in both cast and powder forms, but we will consider only the cast application. The problem of casting defects arising from contaminated alloy has been previously discussed 16,71, with results which may be summarised as follows.
The nitrogen content of reverted IN100 scrap arises primarily during the casting process itself 161 and results in widely differing levels of nitrogen depending on the precise position of the material in the casting (Fig. 1) .
The principal effect of the increased nitrogen content appears to be on microporosity and carbide morphology 111. The reverted alloy has several levels of microporosity and the carbide morphology changes from the "Chinese script" form in the virgin alloy to the "blocky" form in the revert (the carbides are generally found to have an oxide nucleus), as shown in Fig. 2 ; behaviour which is complicated by the dependence of Nitrogen levels in IN100 castings, the nitrogen contents in castings vary significantly depending on shape/crosssection and relative position in the metal feeding path.
this morphology change on the alloy solidification rate /17,24/.
Similar observations have been made /20/ on virgin and reverted alloy IN738LC, in which the carbide morphology is quite similar to that in IN100. The morphology changes observed by Tien /17/ and Fernandez /24/ agree qualitatively with previous observations on the changes in reverted alloy IN 100 /8-10/, although the magnitudes of temperature gradient and solidification rate required to effect the change appear to be in doiibt. defined to the point at which we can identify the precipitates as carbides or true carbonitrides, although it is evident from the cast microstructure that separate precipitates of pure TiN can be formed in particular regions of the alloy at the same time as "carbides". The microporosity is held to be formed by a blockage of interdendritic flow when the alloy is approximately 70% solid, and is thought to be associated with the flow constriction caused by the precipitation of large blocky carbides in the interdendritic regions 161, although this point has not been verified by direct experimentation.
The principal difference between the virgin and reverted alloys appears in the freezing behaviour. As can be seen from Fig. 3 , carbides in the grade of reverted alloy studied have been reported 161 to precipitate in a lower temperature range than, is the case for the virgin alloy, leading to a considerable difference in the fraction solid as a function of temperature.
This effect, however, has not been supported by other studies /12/ and might have been connected with a difference in the carbide nucleation process. It has been established that TiN has a strong effect on the precipitation of primary carbides in other superalloy systems /13/, acting as a good nucleating agent for MC compositions. The primary carbide precipitation reaction has also been shown /13/ to be a non-equilibrium process in which the precipitation temperature is strongly influenced by the presence or absence of nucleating agents, particularly TiN. In the case of IN100, the situation is slightly different, since the primary carbide is principally TiC, which possibly has a substantial solid-solubility for TiN 121,22/. The primary carbide could therefore possibly contain some nitrogen in solid solution, instead of the more usual two-phase mixture with a pure nitride acting as the core of a carbide, e.g. TiN + (Nb, Ti) C in IN718 or IN706. This latter point has caused some confusion in the literature, with the term "carbonitride" being applied to physical mixtures of TiN and carbide precipitates, as well as to the interface region between TiN and MC, which usually shows some interdiffusion of C and N. We see that the precipitation range for the nitride falls across the carbide precipitation temperature depending on the precise nitrogen content of the alloy at the time of solidification. In the context of industrial alloys, it would appear that reverted alloy has a nitrogen content which is very much above the saturation solubility at the liquidus temperature, and will thus always contain solid particles of TiN. Virgin alloy has a nitrogen content which will precipitate TiN during solidification, but not at higher temperatures than the carbide start.
It appears from this survey that the principal criterion for reverting IN100 is that the nitrogen content must be reduced to a point at which nitride precipitation becomes part of the primary carbide precipitation scheme. Further, it is unlikely that this can be done entirely by means of physical separation of solid TiN from the liquid, since the required nitrogen level is somewhat below the saturation solubility of TiN at the liquidus of IN100. In addition to the complete physical removal of TiN particles, we would hence require a further slight desorption of nitrogen from the liquid alloy solution.
ALLOY MAR-M247 AND THE OXIDE PROBLEM
Casting scrap from this alloy is found to contain oxide particles which are identified as hafnium and/or aluminium oxides. Since the principal application of the alloy is extremely severe, the oxides represent a reason for prohibiting the scrap recycle, in spite of the high cost of the alloy. A refining process is therefore required which will separate the oxides from the liquid -a classical refining objective. Many studies of this general process have been reported in the literature, the buoyancy force being the separation driver. In this instance, buoyancy would certainly act in the case of alumina, but hafnia has a bulk density considerably greater than that of the alloy and should therefore sink rather than float during processing. It is an interesting test-case for investigating the removal mechanism of oxides from superalloy scrap.
Previous studies /14,15/ have reported inclusion rafts (formed during electron-beam button melting) which contain hafnium oxides in addition to the ubiquitous aluminium oxide inclusions, but the studies did not clearly identify hafnium oxide as a distinctly separate particle. A combination, either chemical or physical, of hafnium oxide and alumina could have a density less than that of the alloy and so form a raft by flotation, if the alumina content exceeded approximately 25 wt%. If the hafnia particles are indeed separate entities, then the separation mechanism for oxides must involve surface-driven forces rather than buoyancy -a concept which has substantial repercussions on the design and operation of any process intended to remove the particles from a superalloy.
As indicated above, one possible route for the removal and redistribution of inclusions during a melting process is that of dissolution/re-precipitation. The details of this process in the case of hafnia depend on the thermochemistry of the reaction:
[Hf] + 2[0]=Hf0 2 (1)
which cannot be defined precisely because of the lack of thermochemical data /18/. The best estimate obtainable from these computations is that the saturation solubility of hafnia in the alloy will be less than 0.1 ppm oxygen at the liquidus and so we would expect that essentially all of the alloy oxygen content would be present as oxide particles, including hafiiia. The removal of these oxides is therefore to be considered as a physical process and is unlikely to involve the solution/reprecipitation reactions. In rationalising this finding with the NORA results described above, we suggest that the collection efficiency of the raft formation mechanism must be small for very small particles /1,5/, and that the cold, solid alloy's oxygen content is present mostly as sub-micron particles of hafiiia and alumina which are neither separated nor dissolved during the EB processes. Also as indicated above, such particles should not interfere with the recycling objective since they have no influence on casting or mechanical properties. It is a fortunate coincidence of physical characteristics that the size distribution of oxide particles which we wish to remove for mechanical reasons evidently also falls in the size range of those removable by the proposed EBCHM procedure, even though they comprise a small fraction of the total alloy oxygen content.
EXPERIMENTAL
Samples of the two alloys, with varying contents of oxygen and nitrogen, were processed by a directional solidification technique. The sample was melted under vacuum (approximately 10" 2 Pa) in situ in the DS mold, as shown in Fig. 6 ; gradual reduction of the induction power provided the necessary control of growth-rate and temperature field. The general chemical compositions of the alloys are shown in Table 1 above. EB drip melting and button testing was also carried out on the alloys, as shown schematically in Fig. 7 , using the UBC 40 kW EB furnace.
The samples were sectioned for examination by conventional metallography, DTA and chemical analysis, by electron optics techniques and by X-ray diffraction/fluorescence analysis of the chemicallyextracted carbide powder /23/.
RESULTS AND DISCUSSION

Alloy IN100
The solidification macrostructure of the alloy is summarised in Fig. 8 , with the segregation parameters as listed in Table 2 and Fig. 9 .
The principal finding in this alloy is related to the morphology of the carbide structure, and in turn to the microporosity. Two morphologies of carbide were VIM furnace. Two types of EB melted samples: a) a droplet sample, and b) a button sample. conventional DTA, possibly because of the limited range of solidification rates available in the equipment, although the initial heating-cycle DTA of samples from parts of the DS castings with different G/R showed no differences in the alloy samples in regard to carbide solution temperatures. The carbide volume fraction is, however, quite small and the thermal effects associated with the precipitation or solution take place over a range of temperature, making it difficult to detect in conventional DTA. There are no indications, however, from this work that either the nitrogen contents or the carbide morphology has any effect on the solidification behaviour of the alloy as measured by DTA. A further finding was that isolated TiN particles were only observed in the lower part of the casting together with dominant blocky carbide morphology, and that the TiN appeared invariably as the core of the carbide particle, as established by progressive polishing and metallographic examination. The TiN particles frequently had alumina cores inside them. The nitride particles did not contain carbon or other elements within the ranges detectable by ED AX or WDS techniques, and are most probably stoichiometric TiN.
The distribution of TiN particles was not uniform. They were observed in the lower part of the castings and in a layer on the castings' top surfaces, but were not present in the upper body part of the castings, i.e. that volume solidified under conditions of low G/R values. The precipitates are shown in Figs. 11 and 12 .
The size range of TiN in the lower part of the castings was 2-8 microns; on the top surfaces it was 5-18 microns. The distribution of bulk nitrogen in the alloy was also not uniform, as shown in Table 3 . 
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This distribution is assumed to arise by the following sequence: TiN forms when the solubility limit is exceeded due to gradual cooling of the alloy in the liquid phase. In the lower region of the casting, the solidification rate is large compared with the terminal velocity of a small TiN particle (approx. 0.01 mm/s for a 4 micron dia. particle, Fig. 13) , and so the TiN is trapped by the solidification front and becomes the nucleus for carbide growth. As the TiN particles progressively grow by a diffusion mechanism, their terminal velocity in the liquid eventually exceeds the solidification rate and they float to the top surface of the liquid. This mechanism has also been found for carbides rejected from a planar solidification front of IN100 /24/. In the upper region of the casting, therefore, TiN particles are not present to act as nuclei for the carbide growth. The calculated terminal velocities are shown in Fig. 13 in relation to the rate of solidification of the casting. (It is to be noted that the DS casting method used produces horizontal isotherms and minimal liquid movement by convection.) The nitrogen contents used for these experiments are higher than the computed saturation solubility at the liquidus temperature and so the TiN particles are assumed to form in the fully-liquid phase at a position slightly ahead of the dendrite tips. The mechanism of particle rising postulated above does not require the particles either to escape from a dendrite mesh or to have been pushed by a freezing interface.
The composition of the carbides was determined by ΕΡΜΑ:
• Blocky:
Ti0.73Mo0.21V0.0-4Cr0.02C
• Mixed region: Tio.8Moo.i5V0.04Cro.oiC • Chinese script: Ti0.76Mo0.i6V0.06Cr0.02C
These analyses agreed well with the literature /17/, and within analytical limits it can be considered that all of the carbides have the same composition, independent of morphology, with a substantial possibility that they also have a small nitrogen content in solid solution; the TiN particles were not found to have any content of V, Mo or Cr. None of the carbides showed a nitrogen content detectable by this technique (detection limit approximately 5 wt% N) and the TiN particles gave no response indicative of carbon, with the same limit of detection. The findings that separate phases of TiN and "TiC" were formed in the same alloy structure during solidification requires some comment, in view of the known continuous solid-solution between the two compounds. The most likely explanation is that the nitride phase precipitated at a higher temperature than the carbide; sufficiently high that the carbide solubility at that temperature is very large. The result is precipitation of essentially pure TiN. As the temperature fell to the carbide precipitation value, carbide would be precipitated from a liquid in which the nitrogen content was so low that the nitrogen content of the carbide Fig. 13 : Calculated terminal velocity of TiN particle in IN100. would be below the detection limit by the electron optics method employed in the study, giving the results shown above. Segregation estimates indicate a carbon content of at least 5000 ppm in the liquid at the point of carbide precipitation, to be compared with a probable nitrogen content of not greater than 10 ppm at the same stage of solidification. As a result, the carbide precipitate contains no nitrogen, and the interdiffusion rate of C and Ν in the two phases is too slow at these temperatures to effect any solid-solution formation in the boundary regions between them. The isomorphous growth of the blocky carbides on nuclei of TiN is a factor in determining this carbide morphology, as opposed to the precipitation of script carbides in the region in which TiN was essentially absent. We found no evidence of the "unmelted" carbide structures reported by Fernandez for DS IN100 crystals.
The distribution of microporosity was also determined and is summarised in Table 4 .
It appears that the extent of microporosity is related to the nitrogen content and also to the carbide morphology, as has been suggested previously in the literature 111. The location of the microporosity in the microstructure could not be correlated with the position of blocky carbides, but in the proposed flow-blocking mechanism, the position of the blocking particles could be at some distance from the resulting microporosity. In the Chinese-script carbide region the porosity was always in the final interdendritic shrinkage zone and associated with gamma-gamma' eutectic.
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EB button melting of the alloys established that the flotation of TiN is part of the inclusion raft formation system, since although the raft consisted almost entirely of alumina particles there was a small additional amount of TiN. The normalised raft areas for both the high and low nitrogen alloys were the same (15-16 cm 2 /kg), also reflecting the finding that the raft is essentially oxide inclusions. This latter value, if entirely comprised of a layer of 5-micron diameter alumina particles, would represent 1 ppm oxygen in the alloy, in reasonable agreement with the visual observation of oxide inclusion size-distribution in the ingot material. The body of the alloy in the button was found to contain 5-6 ppm nitrogen, indicating that the saturation solubility of titanium nitride in the alloy is approximately this value at the liquidus temperature of the alloy, as would be expected from the results outlined above on DS castings. The TiN found in the raft is therefore that which is in excess of the solubility product at the liquidus temperature, and as expected is the minor fraction of the total nitrogen content of the bulk alloy. Its presence also confirms that the TiN particles are not only present in the liquid, but are also probably part of a flotation mechanism, since only a minor degree of superheat during the melting step would be required to dissolve them completely in the liquid III. They would only be present to take part in a separation mechanism after the alloy had begun to cool in the button crucible. The volume of oxide and nitride observed in the raft is consistent with the excess amount expected from the Alloy MAR-M 247
The DS alloy showed two features in regard to the oxygen content: a tendency to pick up oxygen on multiple remelting, and no loss of oxygen by any flotation mechanism. The results are shown in Table 5 .
The segregation parameters were also determined, as shown in Fig. 14 and Table 6 . The carbide morphologies are a mixture of blocky and script types, which remains approximately constant throughout the range of solidification conditions studied. The average composition of both types of carbide was found to be:
Tao.42Tio.29Hfo. i6 Wo. i2Cro.o ι C However, as indicated in the literature, there is a strong variation in the distribution of Hf in the carbide, leading to a peripheral region which is very strongly enriched in Hf. We did not find that this peripheral region was connected to any increase in nitrogen content, nor were discrete HfN particles found in the alloys. In EB button testing, the inclusion raft was found to contain alumina and also discrete isolated particles of hafnia (Fig. 15) .
Oxygen analysis of the body of the EB button was substantially the same as that of the starting alloy (1-3 ppm), indicating that the bulk of the oxygen content of the alloy is not changed by the removal of these oxides. The raft contained very little TiN, no HfN and no carbides.
Relation to the Recycling and Casting Processes
The purification of alloy scrap by remelting has two Table 5 Oxygen contents in the columnar region of DS MAR-M247 samples ^-binary *kcalc was calculated from the result of analysis. **kref was taken from the literature [26] . ***kbinary was calculated using Ni-X binary phase diagram by approximating the liquidus and solidus curves as straight lines. aspects: the mechanism of refining and also the level of purification required. It is clear from the above results that both of these questions are very complex in the case of the superalloys, and cannot be generalised; they are quite specific to individual alloys.
Alloy IN100
This alloy must be refined on recycling to the point at which the observed microporosity becomes the same as that found in equivalent castings of the virgin material. This factor is essentially the same as the various "castability" requirements for thin section castings. We find that the principal contaminant, nitrogen, plays a complex role in the problem. It plays a part in determining the general morphology of the primary carbides through acting as a nucleant for the blocky variety, but the morphology is also determined by G and R. We found no evidence for solid-solution carbo-nitrides to account for the morphology changes, which we attribute principally therefore to the combination of nitride content and G and R conditions applied during the solidification process. The problem may be summarised as follows: The solidification conditions in a DS casting must necessarily lie in the G and R region which does not permit equiax grains; however, this boundary, seen in Fig. 10 , is also close to the bounding condition for the change in carbide morphology from blocky to script, and also for the limiting solidificationfront advance rate which will permit the flotation of nitrides. The interdendritic region in a DS casting will therefore necessarily contain blocky carbides nucleated on TiN and also titanium nitrides, both of which will cause constriction of the fluid flow and cause microporosity. We cannot circumvent this problem by allowing the G and R conditions to move entirely into the script carbide precipitation region because these are not compatible with DS solidification; we cannot float the nitrides from the system because the solidificationfront advance rate is not slow enough to permit it. In consequence, the alloy must have a nitrogen content low enough to prevent the TiN contribution to the flowblocking process through growth of blocky carbides and the TiN particle contribution. Evidently, in the G and R conditions of most practical DS processes the fraction of blocky-carbide alone in the virgin alloy will give acceptable microporosity, but the progressive addition of TiN to the blockage can enhance it to the point in the recycled alloy at which the porosity becomes unacceptable. This feature is readily seen from the above results.
It is evidently possible to reduce the nitrogen content of the alloy to approximately the "virgin" value by permitting the flotation of TiN in a liquid which is close to the liquidus temperature. If an EBCHM process can be controlled into this thermal regime, we should expect that the result would be a nitrogen content of 5 -6 ppm, irrespective of the input nitrogen values. Ideally, the process should be designed to take into account the fact that the removal mechanism is physical flotation, i.e., the inclusion raft would be separated at the head of the hearth system, leaving a significant surface area free for the evaporation of nitrogen from solution, to produce a final result which has a nitrogen content slightly below the saturation solubility at the liquidus, thus providing a small safety margin for the nitride formation process during solidification.
Alloy MAR-M 247
The recycling problem in this alloy is evidently connected with the removal of oxide inclusions in a very specific size range, i.e. the very small fraction of particles in the large size range (>2-3 microns). We find that this oxide fraction is predominantly alumina, with some hafnia, but that it contributes a negligible amount to the analytical oxygen content. In the nature of the alloy, containing a large reactive element concentration, recycling in a cold-hearth process would be very desirable.
The aluminium content controls the saturation solubility of oxygen in the system, in spite of the presence of hafnium, as evidenced by the predominance of alumina in the inclusion rafts. On repeated melting, the oxide build-up does not come from the oxidation of hafnium in the alloy, but arises in the aluminium content. The role of hafnium in the overall oxidation process is complex, possibly connected with its effect on the alloy/mold interfacial tension.
The refining process is found to be one in which the oxides are held on the free surface after they are exposed during melting, and then in the absence of stirring forces will remain there throughout the course of the process. In this way, hafnia are removed from the alloy in spite of the negative buoyancy force.
It is noteworthy that in both of the alloys studied, the carbides are very stable, but were not found to persist through the melting process. The primary carbides are formed entirely during solidification and are not "relics" of the prior alloy structure.
CONCLUSIONS
The nature of refining during recycling, and its objectives, are clearly different for the two alloys studied, a conclusion which can probably be extended to state that the recycling process must be carefully designed and specified for, at the minimum, particular families of similar superalloys. For the alloy IN100 (and other casting alloys in which the nitrogen content is critical), it is concluded that the function of the nitrogen is in adding to the existing interdendritic flow constriction process of the primary carbides through the precipitation of TiN. Nitrogen probably does not itself change the carbide composition or morphology, which are both strong functions of the solidification conditions, but assists in the morphology change through a nucleation effect. The movement of significant amounts of nitrogen by TiN flotation leads to the possibility of forming large defects in a practical casting by the trapping of collections of these particles at restrictions in the casting envelope, e.g. in a platform area, or in a very thin section. This condition also is a reason for requiring a nitrogen content which is lower than the saturation solubility at the liquidus temperature, and is a condition which is likely to apply to all superalloys.
In alloy MAR M247, the removal of oxide inclusions was found to be a process driven by surface forces and not influenced by the oxide particle bulk density. The large particles are removed during recycling (by EBCHM), but the bulk oxygen is not changed substantially, indicating that this latter value is controlled either by a solution/re-precipitation process involving only small (< 1 micron) inclusion particles, or by the retention of these particles in the liquid phase
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during the remelting process, this latter being the most probable.
In both cases, we conclude that there are sound reasons for requiring recycling by EBCHM, and that after this process is successfully conducted, the recycled alloy should have the same casting properties as the virgin alloy.
APPENDIX 1 Estimation of Solubility of Nitrogen
It is calculated that the solubility in nitrogen in virgin IN100 at the liquidus temperature (1330°C) is 3 -20 ppm under the nitrogen partial pressure ranging from 10" 6 to 10" 4 atm, which is the typical pressure range for VIM processes. The dependence on N2 partial pressure and temperature calculated is shown in Figure  Al . In practice, the nitrogen contents of VIM processed IN 100 are in the range of 4 -12 ppm. While the practical data are from both commercially and experimentally VIM processed heats, the nitrogen levels among the heats are similar. It can be stated that the solubility of nitrogen calculated from the literature shows good agreement with the nitrogen levels in practical VIM heats.
Formation of Titanium Nitride
Thermochemical consideration
During melting and solidification, the TiN precipitation is controlled by its solubility product. The essential reaction and the equilibrium constant of TiN precipitation are:
where oii and f\ are the activity and the activity coefficient of component i, respectively. This reaction has a temperature dependence such that the equilibrium moves to the right side with increasing temperature. Equation (A2) shows that the reaction also has a composition dependence, controlled by the activity coefficients and contents of titanium and nitrogen. The primary factors in the composition dependence are the analytical contents of two components. The standard free energy of the reaction (Al) will be calculated from the standard free energy changes for the following reactions:
TiN(s) = (Ti(s) + Nj (g), The activity coefficient for nitrogen, logySj, can be estimated from the literature. The activity coefficient for titanium, log fyi, can also be obtained in the same manner as log^j. Therefore, log/ri is simply expressed as the sum of the interaction coefficients of the component i for titanium in nickel liquid. 
Effect of Segregation on Titanium Nitride Precipitation
The segregation of the components during solidification is a principal characteristic of multicomponent alloys, i.e., superalloys. The solidification sequence of superalloy is complex and the concentration of the elements can be greatly enhanced over the bulk concentration. In order to estimate the TiN precipitation, therefore, not only the temperature dependence of the solubility product but also the change in element concentration in the interdendritic liquid must be taken into account. Figure 4 shows the segregation of titanium during freezing in IN 100 calculated from equation (A 15) and the fraction solidified during solidification. At about 1310°C at which MC carbide precipitates, titanium concentration in the residual liquid will rise up to about 5.7 wt.%.
High Temperature Materials and Processes
Assuming that the relationship for the solubility product of TiN estimated as equation (A13) is maintained within a temperature range of solidification, the nitrogen limit for TiN formation will be reduced by increase of titanium due to its segregation. The solubility product of TiN in IN100 affected by titanium segregation is shown in Figure 5 of this paper.
It is clear that the nitrogen limit for TiN formation is reduced from 5.2 ppm at 1330°C to 3.5 ppm at 1310°C by the segregation of titanium. If the nitrogen content of the alloy is less than 3.5 ppm, the precipitation of TiN that may affect MC carbide formation at around 1310°C can be avoided.
